Abstract Pseudomonas putida (CMMB2) was isolated from open ocean water of Gulf of Mannar. The isolate was identified based on 16S rRNA gene sequencing and phylogenetic analysis. Chrome azurol sulphonate assay confirms siderophore production by the isolate. Nature of siderophore produced by the isolate was found to be of mixed type. Siderophore production was found to be inversely proportional to iron concentration of the medium. Maximum siderophore production was observed with MM9 medium. Siderophore production was found to be influenced by different carbon, nitrogen and amino acid sources. Optimization of MM9 medium nutrient composition by response surface methodology (RSM) enhances siderophore production. Application of RSM is one of the strategic attempts in cost effective siderophore production process. Presence of aromatic ring in the siderophore with (C-O) and (C=C) stretching was ascertained by FTIR spectral analysis. Mass spectral analysis revealed the presence of chromophore in the pyoverdine siderophore. Cell free supernatant and purified siderophore was found to inhibit the growth of bacterial and fungal pathogens.
Introduction
Iron is an important bioactive metal indispensable for the growth and metabolism of bacteria. Iron plays a key role in electron transport, oxidation-reduction reactions, detoxification of oxygen radicals, synthesis of DNA precursors and in many other biochemical processes [1] . Being a transition element, iron gets rapidly oxidized from soluble ferrous -10 -9 M, significantly below the concentration required for the bacterial growth (10 -7 M) [2] . Therefore, microorganisms in the open ocean water face unique challenges to obtain iron required for their survival. In response to low iron concentration, many bacteria produce organic multidentate ligands generically known as siderophores which solubilize and transport iron into the cell [3] . Apart from iron chelation, siderophore production is considered as one of the virulence factors in bacteria. Fgaier and Eberl [4] reported that siderophore production in microorganisms possesses a competitive advantage over other species which lack the ability. Several earlier reports represent an inhibitory activity of pseudomands against several pathogenic microorganisms [5] . However, the mechanism behind their antagonistic activity remains obscure [6] .
There is plethora of reports on siderophore production in terrestrial bacteria, but knowledge on siderophores produced by marine bacteria and its antagonistic activity is scarce [7] . Hence, the present study is intended to determine the siderophore producing ability of the bacterium Pseudomonas putida isolated from Gulf of Mannar. Influence of media, pH and nutrient sources on siderophore production was also analyzed. Nutrient constituents of MM9 medium was optimized by Central composite design (CCD) of RSM for increasing siderophore production.
In vitro antagonistic activity of siderophores against bacterial and fungal pathogens was also evaluated.
Materials and Methods

Strain Isolation and Identification
Pseudomonas was isolated from the open ocean water of Gulf of Mannar (latitude 9°12 0 N and longitude 79°53 0 E) using King's B medium. The isolate was identified based on the biochemical analyses [8] . Further 16S rRNA gene sequencing was carried out for species identification. Amplification of the 16S rRNA gene was attempted by PCR using forward primer 5 0 -AGAGTTTGATCCTGGTC AG-3 0 and reverse primer 5 0 -TAAGGAGGTGATCCAG GC-3 0 [9] . The 16S rRNA gene sequence of the isolate was submitted to NCBI and compared with related gene sequences. Selected sequences were aligned in Bio-Edit. Phylogeny was examined by neighbour-joining dendrogram using MEGA software [10] .
Screening for Siderophore Production
For siderophore production, one ml of the isolate (5 9 10 7 bacterial cells/ml) was suspended in iron depleted minimal (MM9) medium [9] . After incubation, the cell free supernatant (10,000 rpm for 15 min) was examined for siderophore production by FeCl 3 test and CAS agar plate method [11] . Nature of siderophore produced by the isolates was ascertained by Csaky, Arnow's and Vogel's assay [11] . The amount of siderophore in the culture supernatant was quantified by Chrome azurol sulphonate (CAS) shuttle assay [11] . The growth was estimated in terms of protein content [12] with bovine serum albumin (BSA) as the standard.
Influence of Media and Hours of Incubation on Siderophore Production
Influence of seven different media and hours of incubation on siderophore production was analyzed. Media were rendered iron free by treating them with 3 % 8-hydroxyquinoline in chloroform [13] . Three replicates were maintained. Following incubation, growth and siderophore units were quantified.
Influence of Iron and pH
To determine the influence of iron and pH on siderophore synthesis, the isolate was grown in MM9 medium with different concentration of ferric (FeCl 3 .6H 2 O) iron (2-20 lM) and pH (4-11) for 48 h.
Influence of Carbon, Nitrogen and Amino Acid Sources
Influence of different carbon, nitrogen and amino acid sources on growth and siderophore production of the isolate was determined separately in three different sets as described by Calvente et al. [14] . Influence of different carbon sources was ascertained by supplementing MM9 separately with 4 g l -1 each of glucose, fructose, sucrose, succinate, maltose and mannitol while the other constituents of the medium retained. Similarly, in another set, influence of eight different amino acids (3 g l -1 ) namely alanine, serine, arginine, lysine, ornithine, asparagine, threonine and casamino acids were analyzed. In the third set four different nitrogen sources (10 g 7 bacterial cells/ml) and incubated in a shaker (120 rpm) at 28°C. Following 48 h of incubation, each set was subjected for growth and siderophore quantification. Triplicates were maintained for each analysis.
Optimization for Siderophore Production in MM9 Medium by Statistical Method
Experimental Design
The interactive effect of three main constituents of MM9 medium viz., succinate, NH 4 Cl and casaminoacids on siderophore production by the isolate was analyzed using response surface methodology (RSM) of CCD. Twenty sets of experiment were formulated (Design Expert software) to determine the optimum concentration of the three variables (n = 3) at five levels (a = 2) with the central point consisting of 6 trials. Siderophore produced by the isolate in different experimental setup was quantified after 48 h of incubation. 3D surface graphs were generated to illustrate the interaction between the three factors and the optimum value of each factor.
Statistical Analysis
The second order polynomial equation was employed to fit the experimental data. The proposed model for the response Y i was given in the following equation [15] : 
Purification of Siderophore
Purification of siderophore produced by the isolate was carried out using Amberlite XAD 400 resin and Sephadex LH-20 column as described by Sayyed and Chincholkar [16] . Purified siderophore sample was lyophilized and stored at -20°C for further structural analyses.
FTIR and Mass Spectroscopy
Lyophilized siderophore sample was pelleted with potassium bromide (KBr) and subjected to FTIR spectroscopy. Spectra were recorded in 4,000-400 cm -1 range. For mass spectrum purified siderophore was dissolved in water/ methanol/trifluoroacetic acid 50:50:0.1 (v/v/v). One ll was injected and the ion of interest was selected then collided with helium gas to obtain fragments and analyzed based on m/z.
In Vitro Antagonistic Activity Antibiosis of purified siderophore and cell free culture supernatant of P. putida was tested by well diffusion method. Wells of 8 mm were made on Muller Hinton agar plates swabbed with the target bacterial cultures. To elucidate the antifungal activity of the siderophores, spore (6 9 10 6 ml -1 ) suspension of the test fungi were mixed with molten potato dextrose agar and poured into the sterile petri plates. 20 ll of cell free supernatant filtrate and purified siderophore were loaded onto the wells. Antibacterial and antifungal potential of the siderophore was determined by measuring the zone of inhibition after 48 h of incubation.
Result and Discussion
Strain Identification and Phylogenetic Analysis
The bacterial isolate was identified as Pseudomonas based on the morphological and biochemical characteristics. Identification of the isolate was further confirmed by 16S rRNA gene sequencing (GenBank no. GQ404505). Phylogenetic tree generated by the neighbor-joining method for the isolate is shown in Fig. 1 . Based on the sequence analysis and phylogenetic tree generated the isolate was confirmed as P. putida. The dendrogram shows reliability of branching order based on bootstrap analysis. The fluorescent Pseudomonas from the open ocean was chosen for the following reasons: firstly Pseudomonas represent one of the important Gram-negative aerobic bacteria of c-proteobacteria known for their capacity to colonize various ecological niches; secondly, controversy exist on siderophore contribution to the bio-control capacity of the fluorescent Pseudomonas; thirdly, little is known about the influence of nutrient sources on siderophore production.
Siderophore Characterization
Development of orange halo in CAS agar is an indicative of siderophore production by the isolate. Cell free supernatant exhibits an absorbance maximum at 404 nm, which confirms pyoverdin type of siderophore. Further positive results with Csaky's and Arnow's assays (absorbance maxima at 525 and 510 nm, respectively) revealed the presence of mixed (hydroxamate and catecholate) type of siderophore.
Influence of Different Physico-Chemical Parameters on Siderophore Production
Of the seven different media analyzed, maximum siderophore production was observed with MM9 salts medium (Table 1) followed by KBM, ZMB, SWNB, ASW, LB and IDSM (71, 66, 60, 52, 45, 42 and 34 % units, respectively at 48 h of incubation). This variation clearly indicates that siderophore production in microorganisms is substrate dependent. Resemblance of minimal media to the marine environment in its composition may be the reason for maximum siderophore production. Gram [17] stressed that the media which resemble the ambient environment enhance the biological potential of the organism. In the MM9 medium, siderophore production was observed only after 24 h of incubation (Table 2) and it was found to be directly correlated with bacterial growth (in terms of lg protein per ml). The isolate exhibit 12 h long lag phase followed by 36 h log phase (up to 48 h). Maximum siderophore production by the isolate during late log phase reveals a critical demand for iron during that phase of bacterial growth. Increase in iron concentration of the medium had a negative effect on siderophore production whereas it does not influence the growth of the isolate. Similar biphasic relationship was observed by Barghouthi et al. [18] in A.hydrophila 495A2. Dave and Dube [19] reported 27 lM of iron as threshold level at which fluorescent pseudomonads ceased siderophore production. Siderophore production by Pseudomonas putida at 2 and 16 lM was found to be 78 and 4 % units, respectively. At 18 and [18 lM iron concentrations, complete retardation of siderophore production was observed (Table 2) . Suzuki et al. [20] reported that the transcription of iron regulated gene is under the negative control of fur protein (repressor) with Fe 2? as an essential corepressor during iron overload.
Besides iron concentration, environmental factors and growth conditions are also found to influence siderophore production. It is evident from Table 2 that there is no growth of the isolate below pH 7 and above pH 9. Maximum growth and siderophore production by the isolate was observed at pH 8 this may due to the halophilic nature of the isolate. These results are in accordance with that of Payne [11] who reported breakdown of siderophores at higher pH.
In the present study, manipulation of culture medium (MM9) composition found to influence siderophore synthesis. Of the different carbon sources analyzed maximum 
Casamino acids 71
MM9 minimal medium, SWNB sea water nutrient broth medium, ZMB Zobell marine broth, LB Luria-Bertani broth, KBM King's B medium, ASW artificial sea water medium, IDSM iron deficient low nutrient artificial sea water medium, SU siderophore units structure of pyoverdins in which the three amino moiety of the chromophore is substituted with various acyl groups derived from succinate, malate, a-ketoglutarate [21] .
Of the different amino acids tested maximum siderophore production was observed when the growth medium was supplemented with casamino acids, followed by ornithine, asparagine, lysine, rine, arginine, threonine and alanine (Table 1) . Of the various nitrogen sources tested, maximum siderophore yield (71 % units) was obtained on supplementation of MM9 medium with ammonium chloride (Table 1) .
Response surface methodology
From response surface analysis, the optimal concentration of succinate, NH 4 Cl and casamino acids were found to be 4.00, 10.00 and 3.00 g l -1 , respectively ( Table 3 ). The final response equation for siderophore production is given below (Table 4) .
Response surface curves were generated by plotting the response (siderophore production) on the Z-axis against two of the three selected independent variables while keeping the other independent variable at its 'O' level ( Fig. 2 a-c) . It is obvious from the response surface curves that succinate and casamino acids have significant effect on siderophore production. A linear increase in siderophore production was observed with succinate and casamino acid concentration. Siderophore production was found to increase with increasing concentration of NH 4 Cl up to 10 g l -1 . Predicted and experimental responses reflected the accuracy and applicability of RSM for optimal production of siderophore. Similarly Su et al. [22] enhanced phenazine-1-carboxylic acid production in wild and mutant strains of Pseudomonas using RSM. Ar aromatic group, Str stretching Fig. 3 FT-IR spectra of purified siderophore
Infra Red Spectroscopy
The IR spectrum of the purified siderophore showed a broad peak at 3135.60 cm -1 characteristic of a primary alcoholic group (-O-H stretching). A strong peak observed at 1615.09 cm -1 indicates C=O stretching. The peak at 1,402 cm -1 may be due to C-H bending vibration. Infrared spectrum provides evidence for the possible presence of aromatic ring in the siderophore ( Fig. 3 ; Table 5 ). A strong peak at 1036.55 cm -1 indicates Ar-C-O) stretching of phenolic OH group. A peak at 2360.44 cm -1 represents C=C stretching in the aromatic ring.
Mass Spectra
Mass spectrometry provides structural evidence on the presence of pyoverdin chromophore. 
Antagonistic Activity
Antagonistic activity of purified siderophore and cell free culture supernatant of P.putida was presented in Table 6 and Fig. 5 . Fungi tested were found to be more susceptible than bacteria. Cell free supernatant of P. putida had a greater antagonistic activity towards fungi than purified siderophores. This may due to the cumulative effect of secondary metabolites and siderophores present in the cell free supernatant. These findings are in the line with Yu et al. [23] . Purified siderophores had a greater antagonistic activity towards the bacteria tested than the cell free supernatant. Of the five different bacterial pathogens tested, Bacillus subtilis (NCIM 2063) was found to be resistant to both the cell free supernatant and purified sideophores (Table 6 ). Based on the above results it is evident that siderophore production impart antagonistic trait in P. putida against several pathogens. Therefore, Vibrio harveyi (MTCC 3438) 10 14
Asperillus niger (NCIM 586) 15 11 Microsporum gypseum (MTCC 2830) 13 12 Aspergillus flavus (MTCC 7133) 18 14 Penicilium oxalicum (MTCC 4931) 13 9 Fusarium oxysporum (MTCC 4894) 14 10 siderophore producing P. putida can be used as antagonistic biocontrol agents to displace and inhibit the proliferation of pathogens by the iron competition process.
